Background: Human milk immunoglobulins (Ig) are an important support for the naïve infant immune system; yet the extent to which these proteins survive within the infant digestive tract, particularly for preterm infants, is poorly studied. Objectives: Our objective was to evaluate the survival of human milk Igs in the preterm stomach across postprandial time. Methods: Human milk and infant gastric samples were collected from 11 preterm (23-32 weeks gestational age) mother-infant pairs within 7-98 days postnatal age. Preterm gastric samples were collected 1, 2, and 3 h after the beginning of the feeding. Samples were analyzed for concentration of total IgA (secretory IgA [SIgA]/IgA), total secretory component (SC/SIgA/SIgM), total IgM (SIgM/IgM), and IgG via enzyme-linked immunosorbent assay. Ig-chain fragment peptides were determined using peptidomic analysis. Oneway analysis of variance with repeated measures followed by Tukey's multiple comparison tests was applied. Results: Concentrations of total IgA were lower in the gastric contents at 3 h postprandial compared with human milk and gastric contents at 1 and 2 h. Human milk SC/SIgA/SIgM, IgG, and total IgM concentrations remained stable in the preterm stomach across postprandial time. Peptide counts from the Ig alpha-chain and the Ig gamma-chain increased in gastric contents from 1 to 2 h postprandial. Peptide counts from the human milk Ig-chain, Ig-chain, and SC were stable across postprandial time. These peptides from Ig-chains were not present in human milk but were released in the stomach due to their partial degradation. Conclusions: Human milk total SC (SIgA/SC/SIgM), total IgM, and IgG survived mostly intact through the preterm infant stomach, while total IgA was partially digested.
Introduction
Breastfeeding protects against bacterial and viral infection and promotes the development of the newborn infant's immature immune system [1] . This protection derives, in part, from the transfer of immune components from the mother to the newborn [2] . Human milk contains many immunoglobulins (Ig), including IgA, secretory IgA (SIgA), IgM, secretory IgM (SIgM), and IgG [3, 4] . In human milk, IgA is the predominant Ig, followed by IgG and IgM [5] . Neonatal Fc receptors (FcRn), which can transport IgG, were identified in normal human mammary epithelial cells (MEC) [6] . Thus, IgG from maternal blood likely binds to FcRn on the basolateral membrane of MEC and is transported via vesicles to the alveolar lumen, similar to the transport mechanism found in the placenta ( Fig. 1 ) [7] . IgM and IgA (both joined by J-chain polypeptides; Fig. 2 ), on the other hand, are secreted by plasma cells in the interstitial fluid of the mammary gland tissues [8] and bound to polymeric immunoglobulin receptor (PIgR) on the basolateral membrane of the MEC, which mediates their transport across the MEC into the lumen [9] (Fig. 1) . To cross the apical membrane to enter the lumen, PIgR is cleaved, releasing the secretory component (SC) bound to the Ig (called SIgA or SIgM) [10] . Of note, the paracellular transfer of Ig from blood or interstitial fluid into milk is unlikely because the paracellular pathway is closed in lactation [11] . Plasma cells with the potential to secrete IgG, IgA, and IgM have been identified in human milk, likely migrating from the mammary tissue [12] . Additional IgA and IgM in milk could, thus, derive from secretion by plasma cells in the milk, which would not require binding to PIgR and, thus, would not have an SC (Fig. 1) .
Few studies have investigated the resistance of Igs to digestion. Previous studies have demonstrated that the binding of SC to IgA (creating the SIgA complex) increases the IgA subunit's resistance to proteolysis compared with IgA alone [13] . Extracted human colostrum SIgA was more resistant to in vitro digestion (by trypsin, chymotrypsin, or human duodenal fluid) than colostrum IgA and serum IgG [14] . However, 2 oral supplementation studies (in adults fed bovine colostrum SIgA/IgA, IgM and IgG [15] and in preterm infants fed serum IgA and IgG [16] ) demonstrated that IgG and IgM survive intact to the stool, whereas SIgA/IgA does not. Thus, the relative stability of human milk SIgA compared with total IgM or IgG during digestion remains unclear due to these conflicting results. The resistance of milk Igs to gastric digestion in preterm infants remains unknown. The aim of the present study was to determine the survival of human milk total IgA (SIgA/IgA), total SC (SC/SIgA/SIgM), total IgM (SIgM/IgM), and IgG concentrations in the preterm infant stomach across postprandial time.
Methods

Study Design and Sample Collection
This study was approved by the Institutional Review Boards of the University of California, Davis and Oregon State University. Inclusion criteria were preterm infants (born < 37 completed weeks of gestation) with an admission to the neonatal intensive care unit, an indwelling nasogastric or orogastric feeding tube, and tolerance of full enteral feeding. Exclusion criteria were anatomic or functional gastrointestinal disorders or gastrointestinal infections. Samples were collected from 11 mother-infant pairs following preterm birth ranging in gestational age (GA) at birth from 23 to 32 weeks during a range of postnatal age of 7-98 days at the University of California, Davis Children's Hospital neonatal intensive care unit in Sacramento, California. Human milk samples were collected as described in our previous study [17] . The preterm infants were fed their mother's milk (raw, not pasteurized) with fortification (Similac Human Milk Fortifier Powder, Abbott Park, IL, USA). The powdered fortifier contained intact bovine milk proteins. The protein concentration was 25 ± 22 mg/mL in the fortified milk samples. The human milk feedings were delivered via the nasogastric tubes over 30 min. From the same feed, a volume (0.5-2 mL) of each preterm infant's gastric contents was collected at 1, 2, and 3 h after the initiation of feeding in a 3-mL syringe back through the feeding tube via suction. Gastric samples were placed into sterile vials and stored at -20 ° C as described previously [18, 19] . Sampling for each infant was successful at all time points. Human milk and gastric samples were transported to the Oregon State University on dry ice and stored at -80 ° C.
General Sample Preparation
Samples were thawed at 4 ° C, pH was determined, and samples were centrifuged at 4,226 g for 10 min at 4 ° C. The infranate was collected, separated into aliquots, and stored at -80 ° C.
Enzyme-Linked Immunosorbent Assays
The spectrophotometric enzyme-linked immunosorbent assays (ELISAs) were recorded with a microplate reader (Spectramax M2, Molecular Devices, Sunnyvale, CA, USA) with 2 replicates of blanks, standards and samples. All ELISAs were performed according to the methods described by the manufacturers (online suppl. Table 1 ; for all online suppl. material, see www.karger.com/ doi/10.1159/000489387). The specific Ig concentrations in the samples were determined with antibody specificities as follows: human anti-alpha-chain antibody for total IgA (SIgA/IgA), anti-SC antibody for total SC (SC/SIgA/SIgM), gamma-chain antibody for IgG; and mu-chain antibody for total IgM (SIgM/IgM). Concentrations of total IgA, total SC, total IgM, and IgG were determined in human milk, gastric samples, and the fortifier alone.
Peptidomic Analysis
Peptides were extracted from human milk and gastric samples as described previously [20] . Mass spectrometric parameters were as described previously [21] . Spectra were analyzed by DOI: 10.1159/000489387 database searching in Thermo Proteome Discoverer (version 2.1.0.81) using an in-house human milk protein sequence database. The tandem spectra were used to determine the counts and abundance of total Ig alpha-chain (from IgA or SIgA), total Ig gamma-chain (from IgG), Ig mu-chain (from IgM or SIgM), measured the number of unique peptides identified in a sample while peptide abundance measured the ion abundance (relative amount).
Statistical Methods
One-way analysis of variance with repeated measures followed by Tukey's multiple comparisons test (GraphPad Prism software, version 7.03) were applied to compare human milk and gastric samples at 3 times postprandial. Linear regression models were applied to determine if the concentration of Igs in samples changed across postnatal age, GA, postmenstrual age (PMA), body weight at birth (BW b ), body weight at sampling (BW s ), or feed volume. Student t tests were used to compare the immunoglobulin concentrations between infant delivered by caesarian section (n = 9) and those delivered vaginally (n = 5). Differences were designated significant at p < 0.05. The sample size of preterm (n = 11) paired milk and gastric samples was selected based on our previous studies [18, 19] and proved to be adequately powered to detect differences based on the results.
Results
Infant Demographics and Clinical Conditions
Demographic details for the mother-infant pairs are presented in Table 1 . Ig concentrations did not differ between infants delivered by caesarian section and those delivered vaginally in their mother's milk or their gastric contents at 1, 2, or 3 h postprandial.
Total IgA Concentration Total IgA (SIgA/IgA) concentration decreased 76% from human milk to the gastric contents at 3 h postprandial in preterm infants (p = 0.037; Fig. 3a ) but did not significantly decrease in the gastric contents at 1 and 2 h (online suppl. Table 2 ). Total gastric IgA concentration 3 h postprandial was 62 and 46% lower than that at 1 (p = 0.010) and 2 h (p = 0.037) respectively. Total IgA concentration in milk and gastric contents at 1 h decreased with increasing PMA and BW s (p < 0.05) but did not change at 2 or 3 h postprandial. Total IgA concentration in milk and gastric contents at 1 and 2 h decreased with increasing postnatal age (p < 0.05) but was not changed at 3 h postprandial. Total IgA concentration did not change across GA, BW b , or feed volume in the gastric contents at 1, 2, or 3 h postprandial (online suppl. Table 3) .
Total SC Concentration
Human milk total SC (SC/SIgA/SIgM) concentration was stable in the gastric contents at 1, 2, and 3 h postfeeding (Fig. 3b) . Gastric samples did not differ in total SC concentration from 1 to 3 h. Total hSC concentration did not change across GA, PMA, postnatal age, BW b , BWs, or feed volume in the gastric contents at 1, 2, or 3 h postprandial (online suppl. Table 3) .
Total IgM Concentration
Total IgM (SIgM/IgM) concentration did not decrease from human milk to the gastric contents at 1-3 h postprandial (Fig. 3c) . Gastric samples did not differ in total 3 IgM concentration from 1 to 3 h. Total IgM concentration in the gastric contents at 1 h decreased with increasing PMA and BW s (p < 0.05) but did not change at 2 or 3 h postprandial or in milk. Total IgM concentration did not change with GA, postnatal age, BW b , or feed volume in human milk or gastric contents at 1, 2, or 3 h (online suppl. Table 3 ).
TotalTIgM (SIgM/IgM) concentration did not decrease from human milk to the gastric contents at 1-3 h postprandial (Fig. 3c) . Gastric samples did not differ in total IgM concentration from 1 to 3 h. Total IgM concentration in the gastric contents at 1 h decreased with increasing PMA and BW s (p < 0.05) but did not change at 2 or 3 h postprandial or in milk. Total IgM concentration did not change with GA, postnatal age, BW b , or feed volume in human milk or gastric contents at 1, 2, or 3 h (online suppl. Table 3 ). a All values are mean ± SD (range), (n = 11) for number of paired milk and gastric contents after 1, 2, and 3 h postprandial from preterm infants.
GA, gestational age.
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IgG Concentration
IgG concentration did not decrease from human milk to the gastric contents at 1-3 post-feeding (Fig. 3d) . Gastric samples did not differ in IgG concentration from 1 to 3 h (online suppl. Table 2 ). IgG concentration in the gastric contents at 1 and 3 h decreased with increasing PMA and BW s (p < 0.05) but did not differ across these parameters for the 2 h postprandial or milk samples. IgG concentration did not change with GA, postnatal age, BW b , or feed volume in human milk or gastric contents at 1, 2, or 3 h (online suppl. Table 3 ).
Human Ig in Fortifier
No IgA, IgM, IgG, or SC was detected in the fortifier alone.
Peptidomic Results No peptides were detected for Ig alpha-chain, Ig gamma-chain, Ig mu-chain, or Ig J-chain in human milk but were detected in the gastric contents. Peptides derived from Ig lambda-chain, Ig kappa-chain, total PIgR (f19-764), and SC (f19-603 of PIgR) were detected in milk and gastric samples. Peptide counts of Ig alpha-chain increased 2.2-and 1.7-fold from gastric contents at 1 h postprandial to the gastric contents at 2 and 3 h respectively (p < 0.05; Fig. 4a ) but were constant from 2 to 3 h. Peptide abundance of Ig alpha-chain did not differ in the gastric contents across time (online suppl. Table 2 ). Ig gammachain counts increased 1.2-and 1.4-fold from gastric contents at 1 h postprandial to the gastric contents at 2 and 3 h, respectively (Fig. 4b ), but were constant from 2 to 3 h. Peptide counts and abundance for Ig mu-chain and Ig Jchain did not change from human milk to the gastric contents at 1, 2, or 3 h postprandial (Fig. 4c, d ). Peptide counts of Ig lambda increased from human milk to the gastric contents at 2 and 3 h respectively (p < 0.05; Fig. 5a ). Peptide counts of Ig kappa-chain increased from human milk or gastric contents at 1-3 h (Fig. 5b) . Total PIgR (f19-764) counts decreased from milk to the gastric contents, but the gastric contents did not change across time (Fig. 5c ). Peptide counts of SC (f19-603 of PIgR) were stable from human milk to the gastric contents as well as at different times postprandial in the stomach (Fig. 5d ). pH As expected, the pH values of the preterm infant gastric contents were lower than those of the paired human milk samples (p = 0.002; online suppl. Fig. 4 ). Gastric pH decreased significantly across each group from milk to 1 to 2 h and to 3 h (p < 0.05).
Discussion
This study aimed to determine the survival of human milk Igs -total IgA (SIgA/IgA), total SC (SC/SIgA/ SIgM), total/IgM (SIg/IgM), and IgG -in the preterm infant stomach across time postprandial. The range of concentrations for total IgA, total IgM, and IgG in human milk from preterm-delivering mothers matched those reported in previous studies [22] [23] [24] [25] [26] . Total IgA concentration was 89 and 79% higher than that of total IgM and IgG respectively (online suppl. Fig. 5 ). This proportion matches with the observation reported by Ford et al. [22] that total IgA was 80% higher than total IgM in preterm milk. Similarly, Gross et al. [23] found that total IgA concentration in preterm milk was 95% higher than IgG and total IgM. Total IgM concentration was twofold lower than IgG in preterm milk, which is in agreement with the observations reported by Koenig et al. [5] that total IgM was 3.5-fold lower than IgG in preterm milk. On the other hand, Chandra [4] found that total IgM concentration was 1.5-fold higher than IgG in preterm milk. We cannot account for the difference between our results and those of Chandra [4] . Most of the previous studies determined only the total IgA concentration without evaluating the contribution of SIgA alone [24- 26]. The concentration of total SC represented 82% of total IgA in human milk, which approximated the observations reported by Goldman et al. [3] that total SC (called "SIgA" by the authors but actually represents total SC, as an anti-SC was used as primary antibody) concentration represented 90% of the total IgA in human milk. As IgA-producing plasma cells are present in human milk [12] , we hypothesize that the small proportion of IgA in human milk represents IgA produced by plasma cells inside the alveolar lumen rather than IgA absorbed across the MEC and secreted as SIgA. Tuaillon et al. [12] suggested that as these plasma cells are at low concentrations in human milk, they likely contribute only a small portion of the Igs present in human milk. FcRn, which can transport IgG, were identified in normal human MEC [6] . IgG from maternal blood likely binds to FcRn to be transported the membrane of MEC to the alveolar lumen, matching the mechanism reported in the placenta [7] . The mammary gland of the pretermdelivering mother is immaturely developed compared with term-delivering mothers (demonstrated by gene expression in MEC) [27] . Whether this lack of maturation affects milk IgG delivery remains unknown. Two previous studies found similar IgG concentrations between mothers delivering prematurely and at term [5, 23] , suggesting that the transport of IgG was not affected by birth gestational age.
For the first time, we demonstrated that concentrations of human milk total SC, total IgM, and IgG were not significantly decreased in preterm infants across time postprandial and peptides from these Igs (Ig mu-chain, Ig J-chain, and SCJ [f19-603 of PIgR]) did not increase across time postprandial consistent with lack of gastric digestion. The stability of Ig J-chain and SC peptides across time postprandial matched the stable concentration of total SC (SC/SIgA/SIgM) during preterm infant digestion. However, total IgA was partially digested in the preterm infant's stomach as demonstrated by decreased concentrations at 3 h and increased peptide counts from Ig alpha-chain, Ig gamma-chain, Ig lambda-chain, and Ig kappa-chain from milk to gastric contents. This finding is consistent with a previous report of increased Ig alphachain (named IGHA1 or Ig alpha1-chain) from human milk (undetectable) to the term infant stomach [28] . The stability of SC/SIgA/SIgM during gastric digestion suggests that SC remains intact and detectable by the anti-SC (regardless of whether it is released from the SIgA complex). The reduction of total IgA (SIgA/IgA) was likely due to degradation by proteases (pepsin and/or milk proteases) and not acid-induced structural deterioration in the stomach, as incubation of standard IgA in acid conditions did not decrease its concentration (online suppl. Fig. 6 ). Previously, SIgA was found to be more resistant than IgA to the in vitro action of pepsin, trypsin, and chymotrypsin -due to the presence of the SC, which protects IgA from digestion [13] . Unlike total IgA, total IgM (thought to be mostly SIgM in human milk) and IgG were not degraded in the preterm infant stomach in the present study. Our findings that IgG and total IgM were more resistant to digestion than total IgA agree with those of several previous studies of orally supplemented IgA. For example, a study of preterm infants fed only infant formula or infant formula plus pasteurized pooled human milk supplemented with 600 mg daily of serum-derived human IgA (73%) and IgG (26%) showed that collected stool samples contained 1-10 mg IgG per g of dried feces and no IgA [16] . Moreover, a study [15] of human adults who were fed a bovine colostrum Ig concentrate (84% IgG, 14% total IgM and 2% total IgA) found that 19% of IgG and total IgM were recovered in the human adult ileum, whereas total IgA (mainly SIgA) was not detected. These studies provided a more complete picture of digestion, by examining stool, which unlike our study, included the effects of intestinal proteases. Yet, they suggested, as did the present study, that IgG and IgM are more resistant to digestion than IgA, even with the attached SC.
Though SIgA/IgA appears to be more digested than the other Igs in the stomach in the present study, some SIgA/IgA has been shown to survive infant digestion. SIgA/IgA was found in higher amounts in the feces and urine of preterm infants fed with human milk than those fed with a cow milk formula, suggesting that human milkderived SIgA/IgA could survive intact to the stool and the urine [29, 30] . Neither of these studies compared the survival of IgA with IgG and IgM.
A limitation of this study is that we were unable to compare male and female infant digestion, as we had only one male in the study. Future research could examine this situation.
This study revealed for the first time that human milk total SC (SC/SIgA/SIgM), total/IgM, and IgG concentration remained mostly constant through the preterm infant stomach, whereas total IgA concentration decreased, indicating that it was partially digested. Future studies should examine the extent to which milk Igs are digested in the preterm infant intestine, perhaps through studies of feces or ostomy output. The longer milk Igs remains intact within the infant gastrointestinal tract, the longer they can provide passive immune protection to the infant while the overall immune system is immature.
